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ABSTRACT 
The technique of Very Low-Pressure Pyrolysis (VLPP) has been used in 
or der to obtain data on both collisional energy transfer in the gas 
phase, and for RRKM parameters for a number of unimolecular reaction 
systems .. 
Results are reported for the temperature and pressure dependence of the 
rate coefficients for the thermal unimolecular decomposition of ethyl 
acetate, over the range 800 - 1150 K, both under conditions where only 
reactant gas/wall collisions occur and also (at 837K) dilute in a number 
of bath gases (He, A:r, Ne, Kr, N2 and c2H4). Solution of the· appropriate 
r(?action-diffusion master equation yields from these data both the 
ectrapolated high-pressure rate coefficient (1012"7 exp(-201 . 5kJ mol-1/RT)s-1) 
a.ud the average downward collisional energy transfer (~Ed ) • own These 
{ ~ Ed ) values are compared with those obtained for the same 
own 
cc,llision partners at ca. 345K using mul tiphoton decomposition (mpd), 
riJported by Eberhardt et C,tl. ,(1982). It is found that for mon- and 
d atomic bath gases<~ Ed ) decreases significantly with increasi ng 
own 
timperature, consistent with simple statistical theories for this process. 
This combination of thermal and mpd techniques is generally applicable 
to obtaining energy transfer data over a very wide range of temperatures, 
r(Jactants and collision partners. 
Tl,e cyclobutanone reaction system has been investigated. Quantitative 
k .netic analysis has not been carried out, due to the appearance of a 
h~.t herto unreported and still unidentified minor isomerizat:on product , 
wbich further decomposes at higher temperatures. The expected major 
iii 
pathway, formation of ketene and ethylene, was also observed. 
Finally, investigations were carried out on the two-channel thermal 
decomposition oft-butyl isopropyl ether (TBIE) to (i) propene and 
t-butanol and (ii) butene and i-propanol. The temperature dependent 
rate coefficients obtained for decomposition over the range 500 - 625K 
,ere found to be greatly affected by the reactor walls. The resultant 
data were quantitatively interpreted in terms of half order kinetics. 
Homogeneous unimolecular results are also reported for the overall rate 
of TBIE decomposition, over the temperature range 871-1172K. Complexity 
in this system, caused by the immediate dehydration of the product 
~lcohols, ruled out the possibility of obtaining data or the indi vidual 
Jhannels. The total decomposition rate coefficients (channel 1 plus 
~han..~el 2) were obtained and suggested the following RRKM extrapolated 
high pressure Arrhenius equations for the formation of isopropanol · 
(iPrOH) and tert-Butanol (tBuOH): 
Rco (iPrOH) 
R co ( tBuOH) 
1013·42 exp(228.7kJ mol-1/RT)s-1 
1013.o7 exp(232.2kJ mol-1/RT)s-1 
I 
CHAPTER I 
INTRODUCTION 
2. 
Thermal unimolecular reactions constitute one of the most basic 
reaction types. Although the overall theoretical description of 
the process is well understood many important details remain to be 
clarified, and moreover, many reaction systems have yet to be 
properly studied experimentally. The aim of this thesis is to gather 
data on such systems. 
1 . 1 Theoretical Description of Unimolecular Reactions 
(a) Lindemann-Hinshelwood Theory 
The simplest description of a thermal unimolecular reaction is the 
following two step mechanism due to Lindemann (1922) 
k: 
a 
A+M .. A*+ M 
k 
-a 
k2 
A* .. PRODUCTS 
where A denotes the reactant, Ma collision partner (e.g. bath gas 
or inert wall) and A* denotes reactant molecules with sufficient 
energy to react. The first step of this reaction scheme involves 
collisional activation and deactivation of the molecules, and have 
second order rate coefficients k and k respectively. The second 
a -a 
otep is the completion of the reaction by passing through the 
activated complex to form the products, and has the first order rate 
coefficient k?.. 
3. 
The overall rate coefficient for the reaction is calculated firstly 
by assuming a steady-state concentration of A*, that is 
[A*] 
ss 
k [A] [M) 
a ( 1. 1) 
The rate of formation of products is given by 
d [ Productq] = k [A*] (1 .. 2) 
dt 2 ss 
Hence the overall rate coefficient,R , for decomposition of the 
reactant molecules A is 
At sufficiently high 1ressures, when k [M) > k2 , the overall rate -a 
is first order with rate coefficient 
( 1.4) 
while at low pressures, k_a[M] < k2 , and the rate is second order 
with rate coefficient 
R = k [M] 
o a 
( 1. 5) 
This was later modified by Hinshelwood (1927), who suggested that 
the rate constant for the activati on process k may be much greater 
a 
4. 
for a complex mo l ecul e than for a simple molecule. This is because 
the energy possessed by a complex mo l ecule may be distributed among 
a considerab l e number of degrees of vibrat i onal freedom. This 
treatment assumes that the total energy Eis distributed between the 
degrees of freedom, s, without any restriction as to the amounts in 
the individual degrees of freedom. 
The fraction of molecules having total energy between E and E + d.E, 
is, for s-fold degenerate oscillators 
f = 1 (E ) s-
1 
1 -E/kT (s-1) ! kT k 1I1 e dE ( 1 • 6) 
This fraction is equival ent to d.k1/k_1 , where d.k1 is the rate 
coefficient for the formation of molecules having energy lying 
between E and E+ d.E. 
By integrating equation (1.6) between the critical energy E and 
0 
infinity and assuming E0 >> (s-1 )kT, the approximate res L1l t for 
k /k follows 
a -a 
k 
A, 
k 
- a 
1 
= (s-1)! ( 
Eo) s-1 
kT ( 1 . 7) 
So by substi tuting into equation (1.4) the predi cted R00 is given 
by the expres s i on 
= k 1 ( Eo) s-1 2 (s-1)! k T 
( 1. 8) 
5. 
Al though the Lindemann - Hinshelwood treatment is qualitative l y 
reasonable and predicts the existence of the "fal l off" r egion, 
there are sever a l fundamental defects which must be accounted for. 
These ar e: 
1 . 1;k the predicted linear fa l l of in a plot of A. 
is not observed experimentally; 
a 
against ~M) 
2. the number of degrees of freedom, s, cannot be satisfactorily 
correlated, experimentally, with the total number of degrees 
of freedom in the molecule; 
3. the theory a1 so ass 1.m1es that for the high pressure rate 
coefficient R co in equation ( 1. 8) k and k2 are cons·tant thus -a 
impl ying an inverse temperature dependence of the Arrhenius A 
factor for the overall rate coefficient. This is contrary to 
the prediction from transition state theory which suggests that 
the rate coefficient is 
kT 
h 
( 1. 9) 
where Q and Q* are the partition functions for the reactant 
and activated complex respectivel y. Hence there shoul d be a 
slight dependence of the activation energy on the temper ature. 
6. 
( ) The Master Equation for Unimol,ecular Reactions 
An encompassing heuristic theory for the rate coefficient for 
1mimolecular reactions is given by the master equation (first formulated 
by Eyring and Zwoliski, 1947). This contains no assumptions as to the 
nature of collisions and is independent of any physical model. 
i) Formulation of the Master F4.uation 
Gonsider the individual energy levels, i, of a molecule with energy 
E .• Transitions between these levels are induced by collision with 
l. 
a.n inert collision partner, within which it is dilute. The rate 
qoefficient , A .. , for transition to the level i from all other levels lJ 
j is related to the translational energy-dependent total cross section 
cr ij (E) by 
Aij - 8TTpm-{ (2TTkBT)-121:c\/E)e-~tdE (1.10) 
where pis the gas pressure and m the reduced mass of the reactant and 
bath gas. 
Reactant molecules may also be converted to products, with rate 
c0efficient k .• These k. will be non-zero only if the critical energy ]. l 
h·ts been reached. 
The master equation can thus be written 
dx. ~ = I dt j :j: i (A .. x. - A .. x.) - k.x . lJ J Jl l ]. ]. 
wlere x. is the population of level i. 
l 
(1.11) 
7 
ii) Converting to Matrix Notation 
It is more convenient to write equation (1.11) in matrix notation, as 
fjrst done by Montroll and Shuler (1958). That is: 
dx _ Jx (1.12) 
dt 
where J is the matrix with elements 
J .. - A .. 
lJ lJ 
(1.13) 
J = -k. -. . ll ]. A .. JJ. (1.14) 
~he solution of eq ·ation (1.12) is 
x(t) = x t=O) exp J(t) 
"" 
(1.15) 
which can be written in terms of the projection operators P1 , for J. 
This therefore gives 
x(t) 
where A is the 1th eigenvalue of J. 
1 
(1.16) 
}
1r om equation ( 1 .16) it can be seen that the time evolution of the 
Y( t) is described by a sum of exponentially decaying terms exp( A 1 t). 
rfue system is characterized by an initial relaxation period during 
,hich the relative populations of the energy grains relax to a steady 
8. 
state. In thermal reactions this induction period is usually very 
brief, (i.e. A O >> A 1 > A 2 •••• ) , where A O is the largest eigen-
value of J. So when the steady-state is reached all x(t) will decay 
proportionally to only one exponential term, or 
x(t) ~ 
('A
0 
t) 
e P x(t 
0 
(1.17) 
After the initial induction time the rate coefficient will therefore 
be the negative of the largest eigenvalue of J, and is denoted R; g 
is the corresponding eigenvector. 
iii) Master Equation at High Density of States 
Generally, in unimolecula.r reactions the density of states are very 
high near the critical energy, so practical master equation calculations 
use an integral form. This is done by summing equation (1.11) over all 
states i within the energy range Ei to E_. + OE. It is also 
assumed that anharmonicity mixes the discrete states to such an extent 
that over the range E. 
l 
replaced by their mean 
So 
to E. + OE the quantities A . . 
l 1J 
values (e.g. A(E.,E.) etc.) 
l J 
L k. g. - BE p ( El. ) k ( El. ) g( El. ) i l l 
and k. 
l 
are 
(1.18) 
where p(Ei) is the density of states .. 
w~ put: 
I\ g(E.) = g(E.) p (E. )OE 
l l l 
(1.19) 
and define the collisional energy transfer probability 
distribution by 
I I 
P(E,E ) = A(E,E ) p (E)/w (1.20) 
9. 
where w is a reference collision efficiency, equation (1 .. 12) becomes 
Rg(E) = <,J~~(E:E)~(E) - P(E,E' ) ~(E' )] clE ' + k(E)~(E) 
( 1 • 21 ) 
and the function Pis taken to be normalized so that 
P(E,E 1 )d.E = 1 (1.22) 
Note also that the high pressure limit result (Gilbert and Ross, 1971) 
lS 
R00 = lim R -p-c:o 
( -E/k T 
"_p(E)e B k(E)d.E 
( -Elk T 
} p(E)e ' B dE 
It is one or the objects of the present work to determine P(E, Ep ) and 
k E) from experimental observations of the pressure and temperature 
dependence of R, through solution of equation (1.21) or its 
equivalent in inhomogeneous reaction systems. 
10. 
1 .2 Hice, Ramsperger, Kasse l and Marcus (RRKM) Theory 
RRKM theory eval uates k(E) and assumes strong collisions for the 
collisional energy transfer probability function P(E,E1)0 This theory 
has been found to be quite accurate for k(E) calculations, but the 
P(E,E 1 ) model is physically incorrect. 
(a) Evaluation of k(E) 
The microscopic rate coefficient k(E) is evaluated, in RR.KM theory, 
using the transition-state formulation. The exact classical 
expression for k(E) for a microcanonical ensemble of trajectories, 
in the reactant region of phase space (p,q) is given by (K~ck, 1967) 
"-' ,..., 
k(E) lim 1 1'° dtN(E, t) ( 1 . 23) - T-oo T ii p(E) 
0 
where N(E,t) is the cumulative reaction probability at time t, 
where n is the number of atoms in the system, F(p,q) is the flux 
through the surface separating reactants from products, X(p,q) is a 
"' "' 
signed step f unction on the surface, H(p,q) is a Hamiltonian chosen 
"-' ~ 
as a function of the surface and given by 
H(p,q) 
,-., "-' 
= (2m)-1 
3n-3 
I 
i=1 
2 p. + V(q) 
"" J. "' 
where mis the reduced mass of the system. 
( 1 . 25) 
F4uation (1.23) is independent of the position on the surface. One 
makes the transition state approximation by choosing a position on the 
surface where all trajectories which were initially reactant are assumed 
to go on to product; the values of k(E) can then be calculated. This 
glves the following RRKM theory expression for k(E) 
1 
k(E) - h p(E) 1 E dE p*°(E) 
0 
( 1. 26) 
were p*(E) is the density of states of the activated complex (see 
for example Garrett and Truhlar, 1979). 
(b) Evaluation of P(E,E 1 ) 
i) Strong Collision Assumption 
RRKM theory simplifies the master equation by assuming that collisions 
are "strong", i.e. 
P(E ,E') = c b(E) p (E) I E < E ( 1. 27) 
"'here b(E) = exp (-E/kT), c is a normalization constant chosen to 
e,atisfy equation (1.22), P(E,E 1 ) for upward transitions (E < E 1 ) are 
c:.hosen to satisfy microscopic reversibility, and p (E) is the density 
<>f states. So equation (1.21) becomes after some manipulation, 
R = + f b(E) p (E) k(E) w :k(E) dE ( 1. 27) 
uhere 
Z = [~(E) p (E) w __ w_+_k-(E_)_ dE (1.28) 
Sometimes, the physical incorrectness of this strong collision 
mode 1 can be partially improved by replacing w in equation ( 1 fj 27) 
l)y pc w , where O < Pc < 1 is the collision efficiency" 
ii ) Weak Collision Model 
A functional form of P(E,E 1 ) which is now considered a more correct 
assumption, is: 
P(E,E 1 ) - cf(E-E') I E < E 
~ith upward probabilities (E > E 1 ) being given by microscopic 
reversibility and f (E-E 1 ) is an arbitrary function which approaches 
zero for large IE-E 1 f. 
It is found that the precise functi. onal form of P ( or f ) is 
unimportant in determining the value of the thermal rate 
coefficient. Rather it is the average downward energy transfer 
< D. Edown) = J (E' - E )P(E ,E') dE ( 1. 30) 
which is a sufficient parameter. Values of this parameter have been 
tabulated by Tardy and Rabinovi tch ( 1977), which can be used to suggest 
the values for an unknown system. A principle object of the present 
work is to provide information on the temperature dependence of 
< .1 Edown) , information, which has been hitherto unavailable. 
1 .3 The technique of Very Low-Pressure Pyrolysis 
A major problem in the study of the kinetics of unimol ecular 
reactions is interfer ence by secondary bimolecular processes. 
This inter ference can greatly affect the observed rate of reaction 
and the products. In order to isolate the initial step of the 
reaction mechanism, Spokes and Benson (1967) have created a 
technique termed "Very Low -Pressure Pyrolysis" or VLPP. 
(a) General Conditions for VLPP Operation 
The experimental techniques of VLPP consists of permitting a steady-
state flow of reactant molecules to pass into a thermostatted 
reaction vessel under conditions of very low-pressure (10-·1- 10-2Pa). 
(b) Apparatus 
A quadrupole mass spectrometer, used as the detector system, is 
positioned adjacent to the exit aperture of the reactor. A 
schematic representation of the apparatus is shown in figure 1.1. 
It has been approbci mated (Golden e;t al., 1973) that a pressure of 
~ 0.5 Pa in the reaction vessel is sufficient to reduce the 
contribution of secondary bimolecular reactions to about 1%. This 
holds for even very rapid, radical-molecule bimolecular reactions. 
A direct consequence of this very low-pressure is that the f l ow rate 
into the reactor must be controlled. The mean free path of the gas 
Silica 
Knudsen Cell 
Reactor 
Ion Vacuom 
Gur . 
Ouc1drupole 
Mass Spectrometer 
Rod for 
Changing 
Aperture3 
Reactant Gases 
via FICMI Con1rol!er from 
Gas Handling Section 
+ 
~Furnace 
Stainless Steel 
Chamber 
~ 
~ To High Vacuum 
'-7' Pumps 
figure 1 • 1 Sketch of VLPP system (not to scale) 
14., 
15. 
".L.h" Wl ll ln the reactor is at least ten times larger than the diameter 
of the exit apertur~ giving mol ecular effusion in the exit flow. 
Also the mean free path must be kept l ongei· than the reactor 
diameter to ensure that mos t collis i ons of the reactant molecules 
a r e with the reactor walls . 
(c) Equations Desc·ribing the VLPP Reactor 
The chemical reactor used in VLPP experiments is described in the 
f ol l owing sections. The important characteristics of the :reactor 
wh .8h control the observed kinetics are the following (Go lden et al, 
197 3). 
i) Collision Number, Z 
w 
r.rhe average number of collisions with the walls made by a molecule 
during its residence in the cell may be expressed by 
z 
w 
(1.31) 
where Av is the area of the walls of the reactor, and~e is the 
effective area of the exit aperture, given by 
2 
A. he = A h C h cm (1.32) 
where Ah is the measured area of the exit aperture a..11d Ch is the 
clausing factor for the exit aperture . The clausing factor is a 
flL11ction of the thickness, radius and s l ope of the aperture and 
16 .. 
has been discussed by Golden e;t al.,( 1974) and Ickzowski et al . 
(1963). 
ii) Residence Time, t 
r 
The residence t i me, t , of the average molecule of mass Min the 
r 
reactor is given by the Knudsen equation (Dushman, 1962) as 
t 
r 
= 
4V s 
-
C ~e 
(1.33) 
where Vis the volume of the reactor in cm3, and c is the mean 
molecular speed given by kinetic theory as 
iii) 
C = 
Escape Rate Constant, k 
ea 
-1 
s (1.34) 
This physical rate constant, which characterizes the rate of escape 
of a species of mass M from the reactor is calculated fr om 
k 
ea 
= 4V 
· 3 1\ie [ T J 1 
- 3.65 x 10 ---V- M 
iv) Co :1.lision Frequency, w w 
-1 
s (1.35) 
The frequency of collisionWw of the average molecule with the reactor 
wal ls is gi ven by 
k 
ea = 
cA -1 
V S 
4v 
17. 
(d) Calcul ation of R , the Unimol ecul ar Rate Coeffic i ent 
The mechanism for a unimol ecular decomposition in a steady-state 
flow system can be written 
A 
R 
k 
ea 
pP + qQ. ( 1 . 37) 
escape through exit aperture 
where A is the reactant molecule, R , the unimolecular rate coefficient; 
k the first order escape rate constant for A; p and q, the 
ea 
stoichiometric number of molecules of pr oducts P and Q respectively e 
The steady-state concentration of A in the reactor (A] , i s given 
ss 
by 
= k + R 
ea 
(1.38) 
where RA is the flow rate per reactor volume into the reactor . 
The concentration of product (P] at steady state conditions is 
ss 
where k is the escape rate constant for P. 
ep 
i) R , from Reactant Loss 
The signal received from the mass spectrometer detector, IA, is 
directly proportional to the flow rate of reactant A from the 
r eactor . So by denoting a constant of sensitivity, a A and 
combining with equation (1 . 38) 
18 . 
= a A. k [A) 
_ ea ss = 
( 1 . 40) 
v/hen no reaction takes place, (R = 0) a signal IA0 = aARA is 
observed, so a and R ~ can be cancelled from equation ( 1 . 40) A 11. 
= R 
k 
ea 
+ k 
ea 
Rearranging to solve for R 
= k 
ea 
( 1 41) 
( 1 • 42) 
All the terms on --che right hand s i de of this equation are 
experimentally measured quantities, so R can be calculated from 
equation (1 .42). 
ii) R, from Product formation 
The signal received for the product peaks from the mass spectrometer, 
I , has the equival ent form to reactant signal, equation (1 .40) p 
I = p ( 1 . 43) 
Substituting equations (1 . 43) and (1.40) fo r [A) into equation 
ss 
(1 .39) and rearranging gi ves 
R a A I 
__.E k 
a p IA ea 
( 1 . 44) 
19 .. 
To determine the values of tr..e ratio aA/ ap it is necessary to 
make up different proportions of product and reactant and pass them 
through to the mass spectrometer, without any decomposition occurring. 
A plot of I /IA against (P] /[A] gives a straight line from which p ss ss 
a/ a A can be directly measured. The unimolecular rate coefficients 
R, from product for mation can then be calculated using equation 
( 1 • 44). 
1.4 Reaction/Diffusion Equation for Pressure Dependent VLPP Experiments 
The reaction/diffusion equation (Gilbert CA- ~f., 1979) is a necessary 
development for pressure dependent experiments in the VLPF reactor. 
This is because when reactant or bath gas pressures are above ....., 1 Pa, 
the "well stirred" characteristic of a conventional VLPP experiment 
is no l ongei' appli cable . A spatial inhomogeneity of the energized 
reactant molecules arises, since reactant/wall collisions are 
"stronger" than reactant/bath gas collisionse This results in a 
smaller increase in the effective overall rate coefficient (gas/gas 
+ gas/wal l ) than expected for a well-stirred reactor. 
This spatial inhomogeneity is incorporated into the integral master 
equation, equation (1.21) by replacing g(E) by an energy and space 
distribution function G(E,r). 11hese are related by 
g(E) = Iv G(E ,r )dr (1 . 45) 
where Vis the vo l ume of the vessel. 
20. 
0<;;8 t is the sum of various h:inetic and diffusive te r'IDS and i n the 
VLPP reactor is equal to zero due to the steady state conditions 
8G 
at = J(G) -- k + RA b(E) p (E)/c ea 
where RA is the flow rate into the reactor and C is a normalizing 
factor equal to 
C = V f b(E) p(E) dE (1.47) 
I 
The col l ision/reaction/diffusion term J(G) is given by 
J(G) 2 = D~G + W f [ P(E ,E, )G(E; r )-P(E;E)G(E, r) J dE' - k(E)G(E, r) 
( 1 0 48) 
where Dis the di ffusion coefficient. 
The mathematics is simpler if the reactor geometry is taken to be 
spherical, with radius r . Also by selecting the boundary conditions 
0 
such that the flux at the wall is zero and G(E,r) is ever ywhere 
finite, equation (1 .48) becomes 
-~ + _:t. w or 3 W 
0 
(E;E)G(E,r
0
) J - 0 
(1.49) 
I 
wher e P (E,E) denotes the normalized gas/wall col l ision probabi l ity 
w 
function. Assuming wall collisions are strong equation (1 .49) 
21 .. 
becomes 
1 . 50 ) 
The solution to the above equation has been shown {Gilbert et al., 
1979) to be consistent with the solution to the steady-state 
inhomogeneous master equation: 
J(G) = -RG(E,r) ( 1 • 51) 
Integratfng and applying the boundary conditions, the exact rate 
coefficient R is given by 
~dE dr G(E,r)k(E) 
ff dE dr G(E,r) R = ( 1 . 52) 
Details of the method of solution of equation (1.51) have been 
given by Gilberte.-t al. (1979). They enabl e one to obtain k(E) and 
P(E,E 1 ) (or < 6E d ) for a .s i ngle channel system) by fitting 
own 
appropriate data to the solution to equation (1.51) . These data are 
i) the variation of the rate coefficient R with temperature, at 
pressures so low that only gas/wall collisions occur, a...n.d 
ii) the var iation of R with pressure (and perhaps temperature) at 
pressures of bath gas sufficientl y high that both gas/gas and 
gas/wall collisions are effecti ve. 
I 
CH APTER II 
EXPERIMENTAL 
2. 1 Australian National University (AoN.U.) apparatus 
In the laboratory at A.N.U. the VLPP system 'las originall y constructed 
by M. Hamidy and described in his Ph.D thesis (Hamidy, 1979). The 
r eactor has since been changed to accommodate two exit apertures and 
to eliminate the baffle used to prevent molecular streaming, which has 
been found to be unnecessary in systems where ·the entrance and exit 
are offset (King, 1981). The two exit apertures are needed to test 
the unimolecularity and to· increase the temperature range studied. 
The par1ameters of this new reactor are given in table 2 . 1. 
Aperture Clausi ng Effective Collision Escape Rate 
Diameter Factor Area of Number Constant 
Aperture 
mm ch Ahe /cm3 z k /s-1 w ea 
6.0 0.7852 0.222 766 6 . 49 <\)i 
2.0 0.5142 0.0161 10560 0.470 <\)! 
TABLE 2.1 REACTOR PARAMETERSa 
a Volume, V = 125 cm3. Gas/wall col l ision frequency 
Ww = 4.97 x 103 (\1Y~ s-
1
· 
Although preliminary studies on several well defined reacti ons were 
performed using this apparatus, there were inconsistencies in the 
results. 
This was the product of defective equi pment and uncertai nty as t o the 
proper application of the technique of VLPP experiments . It was 
therefore decided to carry out further experiments using equipment 
at the University of Adelaide (u. of A.), which has been well 
established and proven to give correct resultse 
2.2 University of Adelaide (Ue of A.) apparatus 
The apparatus was constructed by Dr. K.De King of the Chemical 
Engi neering Department at the U. of A., and has been described in 
detai r (King and Goddard, 1975, King and Nguyen, 1979, and Goddard, 
1975). Reactor II was used and al :L parameters given in table 2. 2 
were calculated by Dr K.D. King. 
Aperture Collision Escape Hate 
Diameter Number Constant 
mm z k / -·1 ea 8 
1.07 21460 0 . 1905 <%)~ 
1 
3 36 2177 1 .86 (~ )2 M 
10. 1 260 13. 35 T 1,_ ( ~1)2 
TABLE 2.2 U. of A. REACTOR PARAMEI1ERSb 
b Vo l ume, V = 160.2 cm3. Gas/wal l col l isi on frequency, 
WW- 4•09 X 103 (\)~ s-1 
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Except where specifically not8d other wise al l the data obtained in 
this study were from the U. of A. apparatus . 
2.3 Procedure in Obtaining and Correlating VLPP data 
(a) Preparation and Purification of Materials 
In this study a l l reactants and compounds required for the 
characterization of products were obtained commercially, and gen 2rally 
in the highest purity available. The usual procedure then is to degas 
the compound on the glass vacuum line and then two or threH bulb-to-
bulb distillations. Any special purification r equired is outlined in 
the relevant section where the compound is used. 
(b) Procedure for Kinetic Runs 
There are two distinct types of experiments presently used on VLPP 
apparatus : 
i ) conventional VLPP , where only gas/wall collisions occur 
and 
ii) pressure dependent VLPP where both gas/wal i and 5ras/gas 
collisions with an inert bath gas occur. 
i) Conventional VLPP 
To obtain data for conventional VLPP the fo llowing procedure was 
adhered to. For calibration a gas mixture of the reactant and 
appropriate internal inert standard is sel ected such that the 
standard gives a u.i.'1ique mass spectral peak near the reactant peak 
to be followed. The mixture, for convenience and bet t er accuracy, 
26 . 
should initially give approximate l y equal intensities for the 
required reactant and standard peaks. The temperature in the 
reactor is set to ensure no reaction occurs . The mixture is then 
allowed to pass, under controlled f l ow, into the reactor . The 
flow rate is se ~ected to ensure that the pressure in the reactor 
is not greater than 0.5 Pa. Also the pressure in the mass 
-3 
spectrometer chamber must be< 1 x 10 Pa, for filament safety. 
After allowing thirty minutes for the reactor to come to thermal 
equilibrium and for the gas mixture to reach steady-state flow 
conditions, the mass spectral range is recorded on an X-Y 
recorder and the reacto1.· temperature measured . By ta.king 3 or 4 
of these readi ngs, where no reaction occurs, over an approximate l y 
two hour period a very accurate val ue of I can be obtained. The 
0 
temperature is now raised to the point where reaction commences, 
and the mass spectral range recorded, at 20°c intervals 9 with 
approximately 30 minutes between each reading, until 90% of the 
reactant has decomposed. The entire process is then repea ted for 
the other apertures. 
ii) Pressure Dependent VLPP 
For this case where both gas/wal l and gas/gas collisions are 
required in the reactor, a mixture similar t o that in the 
convential VLPP experiments is needed but infinitely dilute in the 
bath gas. A proportion of > 50:1 for bath gas:reactant has been 
found to be sufficient for "infinite" dilution (King e;t al. ,1981). 
This mixture of reactant, internal standard and bath gas is then 
passed through the reactor at the lowest f l ow rate possible. After 
27 
setting the temperature for a,proximatel y 500/o decomposition in the 
21460 collision reactor and waiting ca. thirty minutes, the mass 
spectrum is taken, over the appropriate range. Another mass spectrum 
is then taken five minutes later, but with the 260 collision reactor 
where no reaction should be occurring. The flow rate into the 
reactor is measured to enable the pressure in the r eactor to be 
calculated. The same procedure is then followed at incremented 
higher flow rates. 
The reliability and accuracy of the U. of Ao VLPP system has been 
thoroughly tested us i ng a variety of compounds and over a wide 
temperature and pressure range. ( For example, see King et al . ,1981). 
CH APTER III 
THE THERMAL DECOMPOSITION OF 
ETHYL ACETATE : TEM.PERATURE AND PRESSURE DEPENDENCE 
I1TRODUCTION 
The thermal dec omposition of ethyl acetate has been well studied 
( see for example McMillen u ctl., 1982 and Beadle et al. , 1972) It 
has been found to be a homogeneous unimol ecul ar process free from 
side reactions, giving the products ethylene and acetic acid: 
The accepted Arrhenius equation for the high- pressure rate coefficients 
(Benson and O'Neal, 1970) is 
= 1012 . 6 exp 
-1 
_201 k,J mol 
RT 
-1 
s 
The reason fo r studying such a well defi ned reaction was to compare 
the average collisional energ-,J transfer of ethyl acetate/ bath gas with 
analagous data obtained from multiphoton decomposition (mpd ) experiments, 
given el sewhere (Eberhardt e.t al., 1982) . This comparison will give 
collisional energy transfer data over a large temperature range (the 
mpd was measured at low temperatures (345K)), and over a range of 
collision partners. Although there have been r eported extensive data 
for average energy transfer for a wide range of collision partner s 
(see for example Tardy and Rabinovitch U a.l.,1977) there is little 
information on collisional energy transfer over a wide temperature 
range. These data are, however, gradually accumulating (see for 
example Krongauz and Rabinovitch, 1982). 
---------------
----------
--~---~-------
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Such data on energy transfer are necessary for estab ishing a basis 
for the deve l opment of a theoretical description of the distribution 
f ,nction describing energy transfer between a bath gas molecule and 
a molecule with high internal energy . At present no generally accepted 
theory can reliably predict this distribution functione Such a theory 
is desirable both for intrinsic interest , and the interpretation and 
prediction of rate data relevant to aerochemical and combustion 
systems. 
Review of Multi-Photon Decomposition of Ethyl Acetate 
When a CO2 laser photon is absorbed by a large molecule the density 
of vibrational states is such that the ener gy can equili brate 
internally among the vibrational modes. Ko e~ al .. (1977) suggested 
that equilibration can occur in such cases on a picosecond time scale . 
The mean interval between photon absorption is several nanoseconds , 
so for a large molecule with a simple dissociation pattern, such as 
ethyl acetate, the vibrational modes will remain in internal thermal 
equilibrium. Knott and Pryor (1979) found this to be so for ethyl 
acetate which dissociating on a microsecond time scale at rates 
extrapolatable (via theory) from the unimolecular rates observed in 
conventional thermal experiments. 
In the mpd study by Eberhardt et al .. ( 1982), the decomposition of ethyl 
acetate was achieved by a CO2 laser at 1045 . 0 cm-
1
, requiring fluences 
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of up to 4J cm-2 to dissociate 2Pa of ethyl acetate in up to 600P~ 
of N2 , He, Ne, Ar, Kr, Xe , ethylene and acetone bath gases. The 
fraction dissociated was measured in a c ., osed cell either by rate of 
removal of reactant, monitored by a probe laser and spectrophone, or 
by the overall rate of pressure increase, monitored by a capacitance 
monometer. 
The resulting data were analyzed by a finite difference solution of 
the energy grained master equation, incorporating collisional effects 
and changes in translational temperature. The microscopic reaction 
rates were described by an RRKM formulation using parameters from 
Beadle e:t a.f .( 1972). The observed pressure and fluence dependence of 
the fractional decomposition could be fitted by adjusting the average 
dm·mward collisional energy transfer ( Li Ed ). own 
r:L1he values of ( 6 Edown) along with Pc , the gas/ gas collisional 
efficiency and ( 6 E2 ) -l , the root-mean-square energy transfer, are 
shown in table 3.1, for the collision partners studied in the present 
work. The initial temperature in the mpd studies was 340K. The 
translational temperature changes due to 
energy and because of react i on enthalpy. 
a degradation of radiative 
The val ues of < Li Ed ) 
own 
are those at the "average" temperature of the evolving mpd system, 
defined as 
T 
av = 
ff dtdE T(t) g(E, t)k(E) f J dtdE g(E, t)k(E) ( 3. 1) 
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where T(t) is the translational temperature and g( E,t ) the relative 
population, at time t. The temperature rise therefore varies f r om 
a few Kat the highest dilutions to several hundred K for the lowes t 
dilutions, at the highest fluences . Since the ( Li Ed ) results 
own 
are most sensitive to the high bath gas pressure results a value of 
T = 345K was taken for ( Li Ed ) own for the mpd data o 
3.2 VLPP Experiments 
Ethyl Acetate (Merck Darmstadt) and acetic acid (BeDeH8 ) were 
thoroughly degassed and vacuum distilled bulb- to-bulb before useo 
Tetrafluoromethane (Matheson, 99.7%) after degassing was used as 
the inte Lnal standard for the mass spectrometric measurement so 
The inert bath gases for the pressure dependent studies , helium 
(Matheson) , neon (Matheson), argon (CIG), krypton (Matheson) 1 
nitrogen (J . T. Baker) and ethylene (Matheson) were used directly; 
all were > 99.5% purity. 
The ethyl acetate decomposition was quantitatively monitored by the 
fragment peak at m/e = 61. Acetic acid (m/e = 60) and ethylene 
(m/e = 28) were confirmed to be the only productso Acetic acid 
formation was monitored quantitatively o :F1or the i nternal standard, 
CF4, m/e = 69 was used. 
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For the pressure dependent s+.udies the bath gases Xe and acetone, 
which were used in the mpd studies (Eberhardt eA. al. , 1982 ) were 
not investigated here due to mass spectral interference to the peaks 
being followed for the ethyl acetate decay o 
3.3 Results 
VLPP unirnolecular rate coefficients for the decomposition of ethyl 
acetate were obtained over the temperature range 772 - 1147K us i ng 
all three exit apertures. These resul ts are shown in figure 3.1, 
where the fractional decomposition, f, covers the range 
0.10 < f < 0.91 (z = 21460), 0.11 < f < 0.90 (z = 2177) 
w w 
and 0.10 < f < 0.83 (Z = 260). Here Z is the appropriate reactor 
w w 
collision number for the aperture employed The unimolecularity of 
t 1,1e observed process was confirmed by the non-dependence of the rate 
coefficients on both Z and flow rate ( the latter covering the 
w 
range 2.4 x 1014 - 13.8 x 1014 molecules s - 1) under the conventional 
VLPP conditions where only gas/wall col l isions occur o 
A brief study of ethyl acetate decomposition was also made using the 
VLPP apparatus at A.N. U. The rate coefficients obtained using the 
766 collision reactor are also shown in figure 392. Here the 
fraction of decomposition ranged from O 9 13 < f < 0. 56. The differ-
ences between collision frequencies W for the two reactors 
w 
(4.09 [ \] 1 s-1 for U. of A. ; 4,97 x 103 [\] 1 s-1 for A.N.U.) 
does not allow a direct comparison between the two sets of data. 
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For experiments on the pressure dependence, the 1mm exit aperture 
(Z w = 21460) on the U. of Ao apparatus was used and the rate 
coefficients were obtained at 837K, the reactant being highly 
diluted in the inert bath gases, He, Ne, Ar, Kr and N
2
• Pressures 
in the reactor ranged from 0.933 Pa to 8 1 Pa. The results obtained 
are shown in figure 3.3. 
3 4 . Interpretation of Data 
It has been previously shown (Gilbert e;t. al. , 1979) that for VLPP 
experiments the rate coefficient R is given by the solution of the 
following master equation 
where Eis the internal energy, k(E) the microscopic reaction rate, 
D the diffusion coefficient, p the gas/gas collision frequency, 
w 
P(E,E') the appropriately normalized (Gilbert and King, 1980) 
distribution probability function for collisional energ,J transfer 
I 
from E to E, r the radial variable and G(E,r) the reactant 
population distribution 
Equation(3.~ is solved by a variational procedure (Gilbert et al . , 
1979) subject to the boundary conditions 
-D CG 
or 
r=ro 
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where r is the reactor radius, V the reactor volume, rw (T) the 
0 
temperature-dependent gas/wall collision efficiency and f (E) the 
equilibrium distribution function f E) = p(E) exp(-E/kT), where 
p (E) is the reactant density of states . 
The temperature dependence of p is assumed to be 
w 
P ( -bT) = min 1, ae w 
min referring to the smaller of the two val ues and a and b being 
~onstants for the particular reactant and wall used. Recent 
sensitive multichannel data (King e_i al. , 1981) has shown· this 
functional form to provide a good fit for p w (T). The values of 
a and bare estimated from an empirical relation (Gilbert, 1982a ) 
which appears to predict A to within the accuracy required for t-'w 
the interpretation of these VLPP experiments. 
I 
The distribution function r(E,E) is chosen to be an exponential-
cube for downward energy transfer 
P(E,E') = C (E' ) exp [ -(E,-E)3 / a 3 J I ~ E<E (3.4) 
where C (E') is a normalizing factor (Gilbert and King, 1980) and 
a parameter determined from the data fitting. This functional form 
' of P(E ,E) has been shown to fit sensitive high temper ature 
multichannel data (King e_i al., 1981). 
l 
The overall strategy for data fitting was as described by previous 
studies. First estimates of the RRK11 frequencies and critical 
energy (E) were taken from those of Beadle et a..l 1972) and 
0 
Eberhardt et a..l . (1982 ). Free internal rotation was incorporated 
into the RRKM model, instead of the torsion used by the f oregoing 
authors. The lowest few frequencies of the activated complex and 
E
0 
were then least squared fitted to the temperature dependent gas/ 
wall VLPP rate coefficient (as in figure 3e1)8 The microscopic rate 
coefficients, k(E) so obtained were then used along with the functional 
form of P(E,E) (equation(3.5} to fit the observed pressure dependence 
of the VLPP rate coefficients (as in figure 3.3) . 
(a) Testing the Effect of Assumptions made 
Before considering the final results of the data fitting the effects 
of the assumptions made must be examined. This can be done by 
changing the various parameters involved within physically reas onable 
limits. The assumptions to be tested are the values of Pw, the 
functional form of P(E,E ' ) and the effect of incorporating internal 
rotation. 
As only a single decomposition channel is observed for this reaction 
(as distinct from the more sensitive VLPP data from multichannel 
reactions (see for example King et al. ,19s1» the only mean_Lngful 
measure of P(E,E 1 ) that may be obtained from the results is its 
first downward moment, the average downward collisional ener{s'J 
(b) 
40 
transfer <~Ed ) own 
f (E' -E)Pf E 1E 1 ~dE 
E <E' J, P E ,E' dE 
E <E 
(3.5) 
or an equivalent quantity (Gilbert and King~ 1980) such as the gas/ 
gas collisional efficiency, Pc or the root-mean-square energy transfer 
( Ci E2 ) ~. Thus changing the functional form of P(E, E 1 ) from that 
given in equation (3o4), but maintaining the same value of ( ~Ed ) 
own 
gave indistinguishable rate coefficients .Also changing the values 
of a and bin equation (3.2) over a physical ly reasonable range 
(e.g. by changing p at the extreme temperatures by - Oe1), had 
w 
the effect of changing the fitted value of ( ~Ed ) by at most 
ovm 
+ 
- 20%. Also comparing the RRKM mode l with the proper i nclusion of 
free internal rotation (table 3~2), with this degree of freedom 
"frozen out" and replaced by an equivalent vibration frequency, 
changed < Ci Ed ) 
own 
+ by ca - 10%. 
Results of Data fitting 
Fitted val ues of the rate coefficients are shown in figures 3a1 and 
2 1=. Pc and ( Ll E ) 2 are shown in 3.3. The values of ( Ci Ed ) own 
table 3.1. In all cases, these have been cal culated wi th free 
internal rotation incorporated into the molecul e . The RRKM calculations 
have been carried out using the computational procedures of Astholz 
~t al., (1979) this modification of the Beyer Swinehart method is 
particularly quick for direct calculation of density of states where 
free internal rotations are involved. 
1able 3.1 - Average energy transfer quantities for ethyl acetate/bath 
gas collisions; ( 6 E2 ) 1 calculated at E0 ; n is exponent 
-n from putting ( 6 Ed )o: T o 
Bath Gas 
He 
Ne 
Ar 
Kr 
N2 
C2H4 
Bath Gas 
He 
Ne 
Ar 
Kr 
N2 
C2H4 
own 
From thermal data at T = 837K 
< 6 Ed ) own < .6 E2) ! Pc 
(cm-1) (cm-1 ) 
300 354 0.02 
400 468 0.04 
550 635 0 .. 07 
500 578 0 .. 06 
500 578 0.06 
600 (?) 690 (?) 0.08 (?) 
Low-temperature ( t::. Ed ) ( from Eberhardt e,t_ al . , 1982) 
own 
Average temperature= 345K. 
< l1 Ed ) own (~ E2) i Pc 
(cm-1) (cm-1) 
550 610 0.4 
700 750 0.5 
930 1050 o.6 
905 1020 o .. 6 
820 920 o.6 
3000 3500 0.9 
n 
o.6s 
0.63 
0.59 
0.67 
0.56 
1.4 (?) 
Table 3. 2 - RRKM Parameters for Ethyl Acetate. 
Molecules Complex 
( -1 Frequencies cm ) 3000 (8) 3000 (7) 
and Degeneracies 1740 ( 1) 2200 ( 1) 
1450 (6) 1450 (5) 
1390 ( 1) 1400 (1 J 
1280 ( 1) 1310 (2) 
1150 (5) 1140 (5) 
900 (3) 850 (2) 
780 (3) 710 (3) 
640 ( 1) 575 ( 1) 
400 (3 ) 400 (5) 
147 (2) 229 ( 1) 
100 ( 1) 200 (2) 
Free Internal Rotati on 
Critical Energy 
. -1 
B = 0.387 cm , cr = 3 
Reaction Path Degeneracy 
* (IAIBIC) /(IAIBIC) 
191.2 kJ mol-1 
3 
1 
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3.5 Discussion 
The RRKM extrapolated high pressure Arrhenius equation f or the ethyl 
acetate decomposition of 
1012.7 - exp 
+ kJ mol 
-201.3 -0 .. 4 
RT 
-1 
-1 
s 
is in good agreement with the results of previous workers ]3enson and 
O'Neal (1970). Us i ng the same RR101 parameters but different collision 
frequencies, the A.N.U. data can also be fitted (figure 3.2), thus 
indicating good agreement between the two sets of data at U. of A. 
and A.N.U. 
The values in table 3 .1 for ( ~Ed ) at T = 837K and T = 345K for 
ovm 
collision partners He, Ne, Ar, Kr and N2 are consistent with those 
for similar systems (see for example Tardy and Rabinovitch, 1977). 
The r ~sult for the c ollis on partner c2H4 at T = 837K, however,is 
anomalous and inconsistent with similar systems. It has previously 
been pointed out (King et al. , 1981) that pressure dependent data are 
more sensitive the smaller the values 1 /Rex> and R /Ro, where R 
is the rate coefficient at any pressure , Rco the high pr~ssure value, 
and R is the psuedo-first-order rate coefficient at total collision 
0 
rate W calculated from the limiting low pressure rate coefficient& 
w 
In the case of c2H4 bath gas, R/R 00 is not far from unity even at 
the lowest pressures employed and so the resr_l ts are not very sensitive 
to ( .1 Ed ) and hence are unreliable. 
ovm 
The important r ·sul t seen from table 3. 1 is that < ~ Ed ) shows a 
own 
significant decrease with increasing temperature. This effect has 
been observed in several other systems (see for example Krongauz 
44. 
and Rabinovitch, 1982), but the present study on ethyl acetate covers 
a much wider temperature range than previous work. The data are 
fitted by the empirical functional form 
-n T 
where the values of n are listed in table 3s1. These lie in the range 
0.56 - 0.68 for the N2 and monoatomic bath gas, Equation (3.7) may 
not necessarily be widely applicable to other systems, but KrongcU.z 
and Rabinovi tch ( 1982) fitted the temperature dependence of < ti Ed ) 
own 
for the cyc l opropane system and found n ~ 1e5• 
consistent with the values obtained in this study. 
This is . quantitatively 
Although this apparent decrease of < ~ Ed ) with T has been seen 
own 
in a number of studies, it may not always be trueG Troe and Wieters 
(1979) report from their data on cycloheptatriene over a wide 
temperature range ("'300 - 700K) that with say Ar as collision partner 
the total energy transfer given by 
Js~-E'} P(E,E'}de 
= O Jro.P(E,E' )dE 
0 
(3.7) 
is independent of T over this temperature range. Ass c.JI1ing that 
P(E,E') is exactl y normalized (Gilbert and King, 1980) for all E 
then their reported value of ( .l.\ E) (310cm - 1) may be related to a 
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< ~ Ed ) • Gilbert ( 1982 1J) showed that because cyclohepta triene 
own 
has a high density of st'1tes the < /j. E) is a strong function of 
energy E and temperature T. So, assuming that the < /:. E ) of Troe 
e.:t al. refers to an average energy E determined by T and the excitation 
wavelength a significantly increasing function of < /1. Ed / with 
own 
increasing T for the cycloheptatriene/argon resu ts . Gilbert a l so 
noted that the values of < 11 E ) reported for this system were 
obtained by solving the master equation with a P(E,E~) that was not 
exactly normalized. It has since been found (Gibert ex al . 71982) 
that for large molecules at mode rately high tempe J::-a tures, large 
differences arise between solutions of the master equation obtained 
when not employing numerically exact normalizati on and this could 
lead to a < 6 Ed ) which increases with increas i ng T. 
own 
Qualitative explanations of the observed decrease in (~Ed )with 
own 
increasing T can readily be found. For example, the assumption 
that the amount of energy transferred is proportional to the duration 
of a collision would predict ( 6Ed ) own 
m-0 .5 
= '.J.: 8 More sophisticated 
theories such as statistical models (see for example Oref and 
Rabinovi tch, 1977) also predict a < 6 Ed ) which wil l decrease with 
own 
increasing T. Currently, however, such theories contain parameters 
which are difficult to evaluate a priori, and meaningful comparisons 
between theory and experiment must await further data. 
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Conclusion 
From this study on ethyl acetate it is c l ear that the combination of 
l aser and thermal excitation techniques is very widely appli cable, 
and offers considerable future scope for obtaining accurate energy 
transfer data over a wide range of temper atures, reactants and 
collision partners. 
CHAPTER IV 
THERMAL .DECOMPOSITION 
OF CYCLOBUTANONE 
I! 
,, 
11 
8 .. 
INTRODUCTION 
There has been some discussion and debate in the literature as to the 
pathways and mechanisms involved in both the thermal and photochemical 
decompositions of cyclobutanones (a review of this literature is given 
below). In an attempt to elucidate the matter , the thermal decomposition 
of cyclobutanone was studied in the VLPP systeme Also, as cyclobutanone 
has been reported to decompose via two channels see for example McGee 
and Schleifer, 1972) its potential for pressure dependent studies is 
investigated. The temperature a..nd pressure dependence of multichannel 
.unimolecular decompositions have been shown (Gilbert and King, 1980 and 
King e.t al. .. , 1981 ) to furnish a sensitive measure of the average energy 
transferred in gas/gas collisions. 
Review of Literature on Cyclobutanones 
~he thermal unimolecular decomposition of cyclobutanone has been investigated 
and discussed previously by several authors (Das et. al . ,1954; Blades, 1969; 
~cGee and Schleifer, 1972, 1973; Blades and Sa...~dhu, 1973; and Back and Back, 
1979). The photochemistry of its dissociation has also been extensively 
studied, and recently reviewed by Lee and Lewis, (1980)., Both the 
thermal and photochemical decompositions of cyclobutanone proceed via 
two channels; the major one yielding ethylene and ketene, and the minor 
one being reported as cyclopropane and CO; i.e. 
- 6. + co 
In all photochemical studies see for example Lee, 1977 and Ko a et al. 
1980) a small amount of propene was detected. In a thermal study 
Blades, (1969) detected less than 1% of the cyclopropane was propene. 
{lemm et ai . ,(1965) showed that vibrationally hot cyclopropane initially 
formed was the precursor to propene, in the photolysis. 
The Arrhenius para.meters for the measured thermal rate coefficients for 
the decomposition of some cyclobutanones are listed in table 4.19 
':'he mechanism for the thermal decomposition has been the subject of 
considerable debate (see for example Blades and Sandhu, 1973 and McGee 
and Schleifer, 1973). These mechanisms are described below. 
(a) Mechanism for formation of ketene and ethylene 
~·here are three possibilities for the transition state structure and 
~etailed reaction path for the thermal elimination of ketene, as pointed 
out by Egger, (1973 a):-
(i) a concerted synchronous process with a symmetrically neutral 
transition state; 
(ii) a concerted nonsynchronous path involving charge separation and 
an asymmetric transition state; and 
(iii) a biradical reaction path. 
Elimination of ketene, if concerted, must be a ( cr 2s + o 2a ) process 
(Woodward and Hoffman, 1970), implying a distorted , orthogonal transition 
state, as observed with the cycloaddition of ketene to an o efin (Brown, 
1977). Therefore possibility (i) is unlikely. The biradical reaction 
pathway was shown by O'Neal and Benson (1968) to be thermochemically 
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Table 4. 1 - Arrhenius parameters for the thermal decomposi tion of cyclobutanones 
=CO 
co 
....__ + )=co 
co 
...... µ o~ • -..._ + ,...,.,-- =CO 
. 
r-fo --u - ... · / /+=CO 
,::::::-1 0 cf -->-......._o_/ + =CO 
0 ~ -------...=--..........0 _/ + .>=co r o (rf- ~ 0 + =co 
0 (U -- 0 + =CO 
(rt~~ 0 + -=CO 
~ ;;J::;o (tf------.._ /=CO 
II '° 
-~ 
/ 
-1 A s /i _ -1 EA" .t\.Jmol ref 
a 
240.2 
b 
249 11 3 
192. 7 C 
d 
e 
203.1 f 
157 .. o g 
157.8 h 
184.0 i 
a. Das e..t al . (1954); Blades (1969); McGee and Schleifer (1972) 7 (1973); 
Bl ades and Sandhu (1973); b. Frey and Hopf (1973); c . Frey and Smith 
(1977a); d •. Frey and Smith (1977b); e. Egger (1973a); f. Cocks and 
Egger (1972); g . Egger and Cocks (1972); he Egger (1973b); i. Cocks 
ru1d Egger (1973) . 
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feasible. This appeared to follow by analogy with the structurally 
~imilar cyclobutanes, which are known t o decompose via a biradical 
intermediate (Benson and 0 1Neal j 1970). Both cyclobutanones and 
<!yclobutanes are considered to undergo ring fission via a highly twisted 
activated complex l eading to 1P3 (or 2 4) interactiono This is shown 
uith both 1,1,3,3 - tetramethylcyclobutane (Babcock, 1969) and 2,2,4,4 
tetramethylcyclobutanone (Frey and Hopf , 1973) which decompose more 
slowly than the unsubstituted molecul es. The reduction in r ate f or 
the cyclobutanone is of much greater magnitude than for the cyclobutane 
Huggesting a more crowded or tighter activated complex. This is also 
consistent with the observed higher A-factors for the cyclobutanes. 
Carless and Lee (1970), however showed that a biradical intermediate of 
cppreciable lifetime could not be possible as the 2-butene f ormed from 
cis and trans- dimethylcyclobutanone retained its stereochemistry. 
Hence possibility (iii) above is also unlikely f> 
Egger (1973b) observed that an epoxy group in the 3-position caused a 
.arge reduction in the activation energy for the el imination of ketene 
f rom cyclobutanone. This substantiated his earlier predicti on 
'Egger and Cocks, 1972) that the gas phase ( 2s + 2a ketene and olefin 
addition - elimination reactions proceed by a quasi-zwitterion transition 
state. The proposed structures for the semi-pol ar transition states in 
~he 2,2-di~ethyl-3-ethox:ycyclobutanone are shown in figure 4.1. Studies 
1)y Frey and Smith on 3,3-dimethylcyclobutanone, 1971a) and 3 vinyl 
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cyclobutanone (1977b) support this transition state. 
/ 
Figure 4.1 
Photochemically the formation of ketene occurs via a vibrationally hot 
gTound state cyclobutanone (s; ) formed by the s1 ..,, s; internal 
conversion process (Lee and Lee, 1969). 
b) Mechanism for formation of cyclopropane and CO 
'l '.he mechanism for this minor pathway, in the thermal decomposition of 
cyclobutanone is still unknown. As seen from table 4.1, cyclopropane 
is observed as product from the various substituted cyclobutanones only 
hen the activation energy of the major reaction (formation of the ketene) 
is high (i.e. > 200 kJ mol - 1 ) • Also, because the yield of cyclopropane 
i.s low, it has been difficult for mechanistic studies to be performed. 
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B.Lades (1969) suggested that formation of an intermediate diradical, 
·CH2cH2cH2co was consistent with a 25kJ mole-
1 differ ence in 
activation energies between the major and minor pathways. At about 
the same time, McGee and Schleifer (1972), using thermochemical 
arguments suggested that a concerted mecha..~ism for cyclopropane formation 
was consistent with the observed Arrhenius parameters. 
R,~cently Back and Back (1979) showed that the presence of oxygen enhanced 
the production of cyclopropane in the thermal decomposition of 
cyclobutanone. Such an effect was explained by the suggestion t hat 
p;iramagnetic o2catalyzes the formation of a triplet biradical intermediate. 
In the photochemical decomposition of cyclobutanone , cyclopropane has 
b1~en shown (lee, 1977) to be formed from a short-lived tripl et 
ctclobutanone (T1 ) precurser. 
i1tersystem crossing process. 
VLPP Experiments 
T1 is formed by an s1 
Cyclobutanone (Fluka), the internal standard tetrafluoromethane (Matheson) 
a.pd a possible product 2,3 dihydrofuran (Kand K) were purified using 
standard procedures. Another possible product, methyl viny ketone 
O<och-Light), was shaken with calcium sulfate over a period of two days 
t) remove water present in the original sample~ After further purification 
o- the vacuum line negligible impurities were o served from the mass 
s pectrum. 
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!l• 3 Results 
Preliminary investigations of the cyclobutanone decomposition showed 
the expected major products ketene and ethylene formed throughout the 
temperature range 770 - 1175K. A previously unreported isomerization 
product was also observed, as evident by interference to the smooth 
decay of the parent peak m/e 70, and also by the formation of a peak 
u/e 55 which is uncharacteristic of any of the expected products. 
rJie identity of this isomerization product, which itself decomposes 
at higher temperatures ( > 900K) is still unknowntl Figure 4.2 shows 
the mass spectral pattems of(i)cyclobutanone, (ii)cyclobutanone at 
ca 50% decomposition, and three possible isomerization products 
(iii)methyl vinyl ketone, (i-02,3 dihydrofuran and (v) crotona.ldehyde 
r~e increase in peaks m/e 14 and m/e 26, in (i) and (ii) are indicative 
of the formation of ketene and ethylene respectively. The methyl 
rinyl ketone mass spectrum correlates well with the formation of the 
ro/e 55 and 70 peaks. VLPP studies on this compound, however, showed 
lt did not start to deompose until very high temperatures ( > 1050K), 
.n the 260 collision reactor. The mass spectrum of 2,3dihydrofuran 
.:hows the peaks m/e 55 and 70 but it also has a meak at m/e 69 which is 
not observed in the cyclobutanone decomposition spectrum. VLPP studies 
of 2,3 dihydrofuran, which started to deompose at ca 870K with formation 
of CO(m/e 28)? but more importantly showed an increase in the peak 
ru/e 55. Wilson (1947) proposed the following overall reaction scheme 
for the thermal decomposition of 2,3 dihydrofuran (1):-
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0 
(I) 0 ... CH 3CH = CHCHO (ii) 
!I 
( Ill) [:>cHO .. D + co r>--CH3CH =CH2 + CO 
trhe formation of crotonaldehyde ( II ) in the VLPP system is characterized 
·by the peak m/e 69 and has no significant m/e 55 peak ( Cornu and Massot , 
1966). Thus it can be concluded that in the decomposition of 2,3 
iihydrofuran the m/e 55 increase is due to the cyclopropane aldehyde(III). 
Perhaps thi s is also the isomerization product for the cyclobutanone 
decompositi n contributing to the m/e 55. Furthermore, cyclopropane 
~ldehyde decomposes to previously observed eye obutanone minor products 
pyclopropane and CO. Unfort1L~ately the mass spectrum of cyclopropane 
~ldehyde has not been reported in the literature and there was none 
~vailable in the laboratory to test in the VLPP. 
Without this isomerization product it is not possible to accurate y 
determine the rate coefficient for either the overall deomposition or 
. the individual pathways for the formation of ketene and ethylene or 
cyclopropane or propylene) and CO. Also it is difficult to observe 
qualitatively whether any cyclopropane or CO did form due to the 
complexity of the mass spectral pattern. 
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•rhe unimolecularity of the process could not be quantitative y checked , 
again due to the inability of obtaining accurate rate coefficients , 
but changing the flow rates and aperture sizes appeared to give compatible 
first order data. 
All the data obtained from the VLPP of cyclobutanone are listed in 
Tables 4.3 (a - c) which can only be interpreted upon identification of 
the isomerization product. 
Conclusion 
'rhe thermal decomposition of cyclobutanone has not been f ully analyzed 
i n the VLPP system, due to the formation of an isomerization product, 
whose identity is yet to be established. However, the fact that one 
,,f the reported product channels (cyclopropane and CO) is not readily 
observed in the VLPP system indicates that the mechanism in this system 
:· s more complicated than had been hitherto supposed. 
~m overall summary of the conclusions made for the decomposition are 
given in this reaction scheme: 
? [>-c HO __ __,.. 
)( ~ CH 3COCHCH 2 
{o; )( • \L/ 
• 
6+co 
Here the formation of methyl vinyl ketone and 2,3-dihydrofuran have 
been shown not to occur, while the cyclopropyl aldehyde seems to be the 
likely product although this hypothesis has not been fully tested due 
to the unavailability of the compound for mass spectroscopic etudieso 
These experiments on cyclobutanone have shown the effectiveness of the 
technique of VLPP in observing the true initial step in a unimolecular 
reactiono The minor, initial step, formation of the isomerization 
product, was not observed by the previous workers using conventicnal 
static systems. 
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Table 4.3(a) - VLPP data for Cyclobutanone pyrolysis for formation of 
ketene (r
14
), ethylene (126 ) and the isomerization product 
(155 ), and for the reactant decay (170); the standard cF4 
is characterized by 169 
21460 collision reactor ~ 
T(K) 1141169 126/169 155/I69 171169 
+o 0.174 0.156 0.050 1.475 
7~9 0.347 0.185 0.288 1.114 
708 0.374 0.259 0.259 1.074 
8'13 0.432 0.295 0.338 0.971 
832 0.479 0.334 0.397 . 0.855 
8p0 0.541 0.401 0.418 0.765 
8'70 o.6os 0.439 0!>473 0.645 
-
811 
' 
0.640 0.437 0.473 0.510 
911 0.711 0.539 ·0.467 0.398 
929 0.742 0.539 0.455 0.326 
950 0.748 0.508 0.437 0.246 
969 0.779 0.607 0.432 0.211 
990 0 .. 800 0.584 011455 0.187 
zable 4.3(b) - VLPP data for Cyclobutanone pyrolysis 
2177 collision reactor 
T(K) 114/I69 126/I69 155/169 111169 
Io 0.231 0.197 0.065 1.68 
872 0.326 0.247 0.253 1o55 
893 Oe372 0.262 0.307 1.47 
913 Oe448 0.302 0.444 1.34 
932 Oe524 0.356 0.560 1o22 
951 0.570 0.373 0 .. 710 1.08 
~72 0.644 0.452 0.984 0.979 
~92 0.714 0.513 1.23 0.878 
1013 0.767 0.532 1,.57 0.804 
1032 0.780 0.542 1.80 0.741 
1053 0.827 0.563 1.65 0.660 
1073 0.880 0.592 1.40 0.540 
1092 0.974 0.645 0.958 0.458 
1113 1.03 0.746 0.684 0.358 
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!,able 4.3 (c) VLPP data for Cyclobutanone pyrolysis 
260 collision reactor 
T(K) 114/I69 126/169 I55/I69 17oi169 
I O 161 0.136 011064 1.1 99 
0 
912 011175 0.144 0.096 1~1 56 
932 0.182 0.146 0.116 1 .. 134 
951 0.208 0.164 of!136 1.091 
~72 0.240 of) 185 0.190 1.059 
s,93 1.278 1.205 Oe247 0.988 
1012 0.305 0~233 0.326 0.929 
1033 0.332 0.245 0.389 0.847 
1053 0.368 0.259 0. 421 0.764 
1074 0.415 0.297 0.399 0.673 
093 0.469 0.338 0.364 0.604 
1114 0.517 0.369 0.316 Oe510 
1133 0.562 0.393 00295 0.443 
1152 0.597 0.417 Oe267 0.377 
1175 0.634 0.440 0.255 0.314 
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CHAPTER V 
VERY LOW-PRESSURE PYROLYSIS 
OF 
TERT-BUTYL ISOPROPYL ETHER ON FUSED SILICA 
6 e 
INTRODUCTION 
The th~rmal decomposition of tert-butyl isopropyl ether (TBIE) has 
been previously studied by Daly and Ziolkowski (1970)9 Robertson 
(1979) and Taylor (1981) in static reaction systems . They found 
TBIE to decompose via the two channels 
with the rate coefficients being described by the equations 
Over the temperature range 409 - 475°c both reactions were concluded 
to be homogeneous and unimolecular under the conditions usede 
Initially the reason for further investigating the decomposition of 
TBIE under VLPP conditions was its obvious potential for pressure-
dependence studies. It has been previously demonstrated (Gilbert 
and King, 1980, King ex a£., 1981) that the pressure and temperature 
dependence of rate coefficients of multichannel unimolecular 
decompositions furnish a sensitive measure of the average energy 
transferred in gas/gas and gas/wall collisionse Furthermore 9 future 
investigations with selective deuteration of TBIE should give the 
potential for four separate channels for the overall decompositiono 
Preliminary studies of TBIE, however 9 showed the rate coefficients 
up to 900K to be much higher than expected from the Daly and 
Ziolkowski homogeneous Arrhenius parameters n The data was also 
flow rate dependent indicating heterogeneous behaviour Similar 
effects have been previously observed for ethers in a VLPP apparatus 
at < 950K (Choo et al., 1974) as well as in a static system 
(Brocard and Borannet, 1980)at<723K. The effect of the wall appeared 
to decrease with time indicating that a 0 well-seasoned" reactor may 
produce purely homogeneous data. 
Although the observed wall effect rules out the possibility of any 
meaningful pressure dependence data, it was considered useful to 
analyze these heterogeneous data. This should give further insight 
into the catalytic effect of the silica surface on gas reactionss 
_Stein et al. (1976) has studied the heterogeneous decomposition of 
hydrazine, ethanol and formic acid in a VLPP apparatuse 
VLPP Experiments 
TBIE (Eastman Organic Chemicals) was shaken with a concentrated 
solution of iron (II) sulphate in dilute H2so4 to remove any 
peroxides present in the original sample. The mixture was then 
separated 1 fractionated, and dried over anhydrous calcium chloride o 
~he purified TBIE was then thoroughly degassed and vacuum disti l led, 
b lb-to-bulb , several times. The mass spectrum indicated negligible 
impurities. 
The expected decomposition products isobutene (Matheson), isopropanol 
(BDH, AR grade), propene (Matheson) and tert-Butanol (BDH LR grade) 
and the intei·nal standard tetrafluoromethane (Matheson) were purified 
by standard procedures. 
Product Analy~is 
As expected, the initial reaction products were isobutylene (m/e - 56) , 
isopropanol (m/e = 45), propene (m/e - 42) and tert-Butanol (m/e - 43) e 
Both alcohols, however , were observed to undergo subsequent rapid 
dehydration. Decomposition of alcohols on silica walls , in even the 
high temperature range has been previously obser ved (Stein e,;t al., 
1976) for alcohols. 
Due to the complexity of the reaction system, only the ove rall 
decomposition of TBIE was quantitatively analyzed . 
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Heterogeneous Decomposition Results 
The overall rate coefficient was measured in the 21460 and 2177 
collision reactors on the basis of a half-order reaction~ This 
data . is shown in tables 5.1 and 5.2. The flow of TBIE into t he 
reactor per unit reactor volume (RA) is given by 
where ki is the half-order rate coefficient and [A] is the steady 
state concentration of TBIE The fraction f of TBIE remaining · s 
where [A] is the steady state concentration of TBIE when k 1 = 0. 0 2 
Substituting (5. 2) into (5.1) gives 
R = k f[A] + k1 f![A )! A ea o 2 o 
but when k1, = 0 
2 
(A] 
0 
= RA 
-k 
ea 
( 56 3) 
( 5. 4) 
So substituting in (5.4) and rearrang~ng (5.3) gives the half order rate 
coefficient 
Figures 5 .1 and 5. 2 sho·,.,, the variation of k1,_ with temperature (in 
2 
terms of Arrheni~ p.lots) for the two reactors used. In the 21460 
reactor at low temperatures ( < 500K) the rate is slower than 
apected for half order kinetics. This indicates a transition to 
probable first order behaviour as observed for the silica-catalyzed 
decomposition of N2H4 
(Stein e.:t al ., 1976 ). Insufficient data 
were obtained in this r ~gion for detailed analysis. T~ fraction of 
TBIE decomposed seemed to be dependent on the recent history of the 
r 8actor wal l s. Also it ·was d·jfficult to stabilize the temperature 
at these very low temper atures; the furnace is designed for higher 
tempera t 1 re VLPP s tud.ies. In both the 21460 and 2177 r eac't ors above 
625K the rate again slows, indicating non-half order behaviour. 
This is probab ly caused by the decreased residence time of the 
molecule on the walls of the reactor, with the higher temperatures, 
resulting in less molecules being adsorbed on the surface. Ideally, 
with increased temperatures the heterogeneous component would stop 
completely , allowing only homogeneous reactions to occur. However, 
in the two reactors used here the homogeneous reaction was almost 
complete before the wall reactions ceased . 
The effect of change in the fiow £a~e HA on the rate coefficient at 
J2~K is displayed in fig ·re 5.3 and table 5 3. Only a small variation 
in k 1 is obse1:ved despite a greater than ten-fold increase in flow 
2 
rate , indicating the va idity of the half-order kinetics. 
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Flow rate dependence of the half- order rate coefficients 
for the TBIE decomposition 
The overall half-order rate ~oefficients ca culated ya east-
squares linear fit to the data between 500 and 625K in r · gures 5 1 
and 5.2, is given by the Arrhenuis equations: 
21460 collision reactor 
k1 = 10 11 •8 exp 55,2 kJ mol-1/RT)(molecules cm-3)~s-1 
2 
2177 collision react0r 
kt= 10 11 ·9 exp(57.7 kJ mol-1/RT) molecules cm-3)~s-
Discussion 
The mechanism for the TBIE decomposition in t his heterogeneous r ange 
must involve the adsorption of intermediates on the surfaceo Such a 
general scheme for the formation of isopropanol is: 
k 
Tl3IE a i-Pr 0 + tBu - ( 5. 3) k s s 
-a 
tBu 
k3 
i-Butene +H ( 5.4) 
-s s 
i-Pr 0 +H 
k4 
iPrOH (5 5) 
-s s 
where i-PrO, tBu and H are bound surface speciesc 
s s s 
An equivalent mechanism for the t-But anol formation can also be 
writtene 
2 
This mechanism results in half-order kinetics if (5.4) is assumed to 
be the rate ·determining step, i.e.~ 
and if it is assumed that the fraction of catalytic sites covered 
under steady-state conditions is small and the heats of adsorption 
on these sites are uniform. The steady-state concentration of 
t-Bu is thus 
s 
[t-Bu J 
s 
k [TBIE] 
a 
- k [iPrO] + k
3 -a s 
From (5.6) 
k 
[ t-Bu ] [iPrO ] - -~ [TBIE] s s - k 
-a 
• Now from (5.7) it can be assumed that 
[iPrO] = [t-Bu] 
. s s 
So the rate of decomposition of TBIE to form PrOH is 
-d[TBIE] f ] ka ( ] ~ dt = k3 t-Bu8 = k3 ~ TBIE 
-a 
First order kinetics will be observed if condition (5.6) is reversed, 
i . e k [ iPrO ] << k 3 , resulting in the overall rate -a s 
-d[TBIE] = k [TBIE] 
dt a 
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This may occur at the low temperatures when the residence time on 
the reactor walls is long, allowing recombination to occur. 
Homogeneous decompositi.2£ 
In the 260 collision reactor, the TBIE partially decomposed at low 
temperatures(< 550K), indicating wall reactio~s. By the time the 
hon-ogeneous reaction was due to commence, ( rv 870K), however ~ the 
temperature was sufficiently high that residence time of the 
i!IlOlecules on the reactor walls was short enough to eliminate the 
heterogeneous component. Hence the hoiaogeneous unimolecular 
decomposition of TJ3IE could be analyzed. 
(a) Hes~: lt.s 
'I'he overall unimolecular rate coefficients, R1 + R2 were obtained 
with the 260 collision reactor over the temperature range 873-1175K. 
11his data is shown in table 5.4 and figure 5.4. The products iPrOH 
and tBuOH were observed to dehydrate immediately after formation and 
so indj.vidual pathways could not be analyzed, since the decomposing 
products .from both channels are then identical. The overall 
decomposition can be described as follows: 
TBl}J 
i-Butene + iPrOH 
------.._ Propene + H20 ( + i-Butene) 
______-V' i -Bute- J.e + H2o ( + Propene) 
l-ropene + tBuvlI 
The only means of identifying ¥roducts from individual channels 
fould be through a deuterated parent. 
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~e conventional VLPP results were analyzed, as before 9 using 
Hquation ( 1.42). The resulting unimolecular rate coefficients are 
shown in figure 5.4. 
(b) Discussion 
~e high pressure rate coefficients and Arrhenius parameters were 
qbtained from the VLPP data using RRKM theory, as described in 
Chapter 3. The values of A and E calculated by Robertson (1 979) 
agreed ' well with previous workers (Daly and Ziolkowski , 1970) and 
so were used as the basis for choosing A and Es 
~!:'he transition states for both iPrOH and tBuOH elimination were 
constructed as separate four centre cyclic structures. A 
yibrational assignment for TBIE has not been r eported in the 
iterature, so estimates were made based on frequences for 
t -butyl methyl ether (Choo e;t al., 1974) and methyl isopropyl ether 
{Snyder and Zerbi, 1967). All internal rotations were frozen out 
and treated as torsional vibrations. The molecule and activated 
complexes were assigned the same external moments of inertia products. 
The group 
to .be too 
additivity value for s~00 (Benson, 976) f or TBIE was taken 
-1 -1 large by 16 J mol K because of large barriers to 
,internal rotation around the 0-C bonds (Rossi and Golden , 1979). 
So the molecular vibrational frequencies and moments of inertia were 
0 -1 -1 0 -1 - 1 
chosen to match s300 = 414 J mol K instead of s300 = 431 J mol K o 
The frequency assignments and other parameters for the RRKM calculations 
are summarized in table 5.5. The temperature dependence of p , the 
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VLPP unimolecular rate coefficients for the thermal 
decomposition of TBIE 
gas/wall collision efficiency for T13IE was chosen using the 
empirical relationship of Gilbert (1982)e 
The following high pressure Arrhenius equations resulted from the 
data fitting: 
R
1
. (1000K) = 1013•42 exp(228 7 kJ mol-1/RT)s- 1 
R2 (1000K) = 10
13· 1: exp(232.2 kJ moi-1/RT)s-1 
The sum of which has been plotted on figure 5.4. These equations 
agree with those proposed by Robertson (1979). 
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TABLE 5.1 - VLPP half-order rate coefficients for TBIE pyrolysis 
21460 collision reactor 
12 -1 -3 Flow rate : 7.,93 x 10 molecules s cm 
T/K % Decomposition 
469 3.7 
482 12.4 
502 48.8 
522 64.4 
542 80.9 
563 88.7 
582 92.1 
601 . 94.6 
623 95.5 
Overall Reacta~t Loss/ 
(molecules cm-3)i s- 1 
6g57 X 104 
2 . 32 X 105 
1 .. 21 X 10 6 
1 .. 93 X 10 6 
3.,35 X 10 6 
4.82 X 10 6 
6 .. 04 X 10 6 
7.55 X 10 6 
8 .. 43 106 
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TABLE 5.2 - VLPP half-order rate coefficients for TBIE pyrolysis 
2177 collision reactor 
12 -1 -3 -RA= 7.93 x 10 molecules s cm 
T/K % Decomposition Overall Reactant Loss/ 
(molecules cm-3) 2 s -1 
524 21.0 1 .. 32 X 10 6 
547 34 .. 8 2. 43 X 10 6 
564 48.3 3.84 X 10 6 
586 57 .5 5.07 X 10 6 
602 65.9 6 .. 53 X 10 6 
624 68.5 1.02 X 107 
644 72.1 8.08 X 10 6 
663 69.4 7.47 X 10 6 
682 70.4 7.,77 X 10 6 
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TABLE 5.3 - Flow rate dependence of the half-order rate coefficients 
for TBIE pyrolysis 
T = 529K 
Reactor/Collisions Flow Rate 
Overall Reactant Loss 
( -3 ! -1 molecules cm ) s 
21460' 7,.74 X 1011 4a71 X 10 6 
1 .. 24 X 1012 4,.70 X 10 6 
2. 23 X 1012 5., 17 X 10 6 
5.,06 X 1012 5. 57 X 10 6 
1.28 X 1013 '6 5.,63 X 10 
2177 7o74 X 1011 5e73 X 10 6 
1.24 X 1012 5~14 X 10 6 
2o23 X 1012 5"79 X 10 6 
5 . 06 X 1012 5e88 X 10 6 
1.28 X 1013 4.,44 X 10 6 
260 7.74 X 1011 3.09 X 10 6 
1.24 X 1012 3. 36 X 10 6 
2.23 X 1012 3.so x 10 6 
5.Q6 X 1012 3.96 X 10 6 
1. 28 X 1013 4 . 10 X 10 6 
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TABLE 5.4 - VLPP unimolecul ar r a te coefficient s fo r TBIE pyrol ys i s 
260 collision reactor 
flow rate : 2.1 1 x 1012 mol ecules s-1 cm-3 
(a) f l ow rate : 7.62 x 1012 molecul es s-1 cm-3 
T/K % Decomposit i on / - 1 Overal l r eactant oss s 
871 1 .. 3 Os478 
872Ca) 1. 2 Oa 457 
922 4.0 1. 55 
922Ca) 4.4 1. 73 
971 13 . 8 6.20 
974(a) 13.3 5995 
991 19.9 9. 68 
1012 . 22. 2 16. 3 
1Cl2~a) 30.3 17 "2 
1033 40.0 26 .. 5 
1052 · 49.9 40. 0 
1073 60 .0 60 .. 9 
1077Ca) 61. 3 64.5 
1094 69.5 93.6 
1133 76.3 133 
1133 82 .0 189 
1154 86.7 275 
1172 90.2 389 
TABLE 5.5 - RRKM Parameters for TBIE 
Molecule 
Frequencies_ cm-1 3100 (16 ) 
and Degeneracies 
1450 (15) 
1150 (7) 
1100 (2) 
1000 (5) 
700 4) 
420 (4) 
400 (6) 
175 (5) 
100 1) 
90 ( 1) 
Reaction Path Degeneracy 
Complex 
iPrOH Elim) 
3100 (15) 
2200 2) 
1450 (13) 
1300 ( 1) 
1150 (5) 
1100 (6) 
800 (3) 
700 (4) 
420 (4) 
400 (2) 
350 ( 1) 
280 3) 
200 (5) 
250 ( 1) 
9 
8 • 
Complex 
tBuOH Elim) 
3100 ( 15) 
2200 (2) 
1450 ( 13) 
1300 ( 1) 
1150 (4) 
1100 6) 
800 (4) 
100 · 4) 
420 (4) 
400 (3) 
350 ( 1) 
280 ( 3) 
200 (4) 
250 ( 1) 
6 
CONCLUSION 
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CONCLUSION 
In this work the technique called Very Low-Pressure Pyrolysis (VLPP) 
has been used to obtain data on the energy transferred upon colli sion 
between reactant gas and bath gas and on RR.KM parameters for a number 
of reaction systems. In particular the well defined ethyl acetate 
decomposition system is investigated. The resul tant RRKM extrapolated -
high pressure .Arrhenius equation from the standard VLPP experiments 
(reactant gas/wall collisions only) is 
rrhis is in good agreement with results of previous workers Benson and 
~)'Neal , 1970) on this compound. The VLPP pressure dependence of the 
ethyl acetate decomposition where reactant gas/wall collisions are 
eompeting with reactant gas/bath gas ·collisions gives values for the 
-
av~rage downward energy transferred · ( ~Ed ) by solution of the 
own 
VJ;iPP reaction/diffusion master equation (Gaynor e;t al.,1979). The 
values for <~Ed ) for each of the bath gases He, A:r, Ne, Kr, 
own 
N2 and ethylene are given. These values obtained a t 837K are compared 
~ith analagous results from multi-photon decomposition (mpd) experiments 
on the ethyl acetate and the same bath gases , but a t a much lower 
temperature (345K). A definite decrease in< 6Ed ) with increasing 
. 0\'1Il 
temperature is observed~ This decrease is consistent with statistical -
models of the energy transfer (see for example , Krongauz and Rabinovitch, 
1982) or even with the primitive assumption that the amount of energy 
t :ransferred is proportional to the duration of a col lision. 
' 
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k.lso, in this work~ two other decomposition systems - cyclobuta...~one 
and tert-butyl isopropyl ether (TBIE) have been investigated using 
standard VLPP _experiments to ascertain their potential for obtaining 
energy transfer data and to obtain RRKM parameters . Both systems 
proved to give unexpected results~ 
Cyclobutanone is found to decompose into the ketone and ethylene, as 
expected, but also into a previously unreported isomerization product, 
which further decomposes at higher temperatures. This isomerization 
pro~uct has not been fully identified in this work, but it seems 
r•robable that it is cyclopropyl aldehyde. 
~!he TBIE decomposition in the VLPP reactor was found to be ver:y complex 
a.s, except in the 260 collision reactor, the rate of decomposition was 
greatly accelerated by wall effects. These results have been interpreted 
in terms of J:i..alf-order kinetics. In the 260 collision reactor the 
temperature was sufficiently high that~ molecule's residence time on 
the reactor walls was sufficiently short to nullify any wall reaction. 
~ne unimolecular kinetics for the overall decomposition of TBIE in this 
reactor were measured giving the following RRKI1 extrapolated high 
pressure Arrhenuis equations for the formation of isopropanol (iPrOH) 
r.nd tert-butanol {tBuOH); 
R00 (iPrOH) - 1013•42 exp -(228.7 kJ mol-1/RT)s-1 
R00 (tBuOH) - 1013•07 exp (232.2 kJ mol-1/RT)s-1 
which is in good agreement with previous workers (Robertson, 1979). 
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